S
trategies to pattern biomolecules and small molecules have enabled the advancement of tissue engineering and genomics, 1À3 fabrication of biodevices, 4À6 development of microarray platforms for diagnostics and drug screening, 7, 8 and investigation of fundamental cellular behavior.
9À13
Conventional lithography, contact-based stamping, block copolymer (BCP) selfassembly, and scanning probe lithography have been employed for generating arrays of diverse biomolecules ranging from short DNA sequences to fluorescent antibodies.
14À23
Each technique offers a combination of strengths and weaknesses in terms of biocompatibility, processing ease, resolution, speed, time and cost, and is amenable to specific applications.
24À28
Current aims in patterning biomolecules with sub-50 nm resolution include immobilizing multiple types of proteins on a single substrate and constructing hierarchical architectures. The presentation of different proteins is an important step toward mimicking the complex biological constructs pervasive in nature, such as those involved in immune recognition, cell adhesion, and neuronal signaling. 29 There has been substantial progress in the fabrication of multicomponent proteins in the micrometer regime. 30À34 For sub-50 nm resolution, protocols often exhibit slow patterning speeds, complex fabrication, or poor control of protein positioning. 35 Analogous to multicomponent proteins, native-like hierarchical structures, such as primary to ternary structure of proteins, have been generated and recent studies have demonstrated the importance of 2D hierarchical patterns of biomolecules in the form of modular surface shapes that span nano-to microscale structures. 36 Relatively few approaches are viable for hierarchical 2D patterning of biomolecules, including BCP micelle lithography coupled with photo-or electronbeam lithography, 37 scanning probe BCP lithography, 38 and other specialized microfabrication techniques, 36 which all exhibit similar aforementioned limitations. 36, 39, 40 Notably, techniques based on BCP micelle lithography are reliable and have led to insights of cell adhesion mechanisms; however, patterns are limited to dot arrays of inorganic nanoparticles. 41 A robust, facile, and high-throughput technique for hierarchical patterning of multiple types of biomolecules in multiple morphologies with sub-50 nm resolution is needed to drive the use of functionalized substrates for biological studies and screening technologies.
Here, we present a bottom-up/top-down method for achieving hierarchical patterns of biomolecules through the self-assembly of a functional BCP coupled with photolithography ( Figure 1 ). Biomolecule patterning via BCP self-assembly is attractive because of its ease, high-throughput nature, and ability to access nanoscale features. 42À48 Among the various types of BCPs, polystyrene-b-poly(ethylene oxide) (PS-b-PEO) was chosen as the parent system due to its well established self-assembly behavior upon solvent vapor annealing. 49, 50 Two functional handles were incorporated to the parent BCP: biotin for modular postfunctionalization and 4-bromostyrene (BrS) for crosslinking. The numerous advantages of using biotin stem from its ubiquitous, high-affinity, specific interaction with neutravidin as a modular linker to introduce biotinylated biomolecules of interest. Thus, myriad biofunctional constructs can be accessed via a single polymer platform. Additionally, shadow-mask irradiation of cross-linkable thin films containing BrS with 254 nm light yields micropatterns after removal of uncrosslinked regions. 51 P(S-co-BrS)-b-PEO-biotin ( Figure 1) offers a versatile platform for hierarchical patterning of biomolecules with sub-50 nm resolution and three distinct nanoscale morphologies.
RESULTS AND DISCUSSION
To carry out the appropriate controls to biofunctionalize hierarchical patterns, a family of PS-b-PEO derivatives was synthesized, where BCPs exhibit relative weight fractions characteristic for cylindrical morphologies (Table 1) . 52 The minority block, PEO, is the cylindrical domain embedded in the matrix of the majority block, PS. In this family of BCPs, PS-b-PEO serves as the nonfunctional control, PS-b-PEO-biotin is biofunctional but not cross-linkable, and P(S-co-BrS)-b-PEO-biotin represents the system for hierarchical patterning of biomolecules. While the relative volume ratios and total molecular weight of each block direct the nanoscale morphology and size of the microdomains formed upon self-assembly, the orientation of these microdomains with respect to the substrate is directed by the film thickness and solvent vapor annealing conditions. Atomic force microscopy (AFM) images of as cast thin films of all the polymers were featureless. Upon solvent annealing, AFM images of PS-b-PEO ( ARTICLE PEO cylinders oriented normal or parallel to the substrate, superficially displaying dots or lines, respectively. Each BCP affords access to two well-defined, nanometer-sized morphologies with minor adjustments to the processing conditions. Briefly, exposure to toluene/water or benzene vapors yielded PEO cylinders oriented normal or parallel to the substrate, respectively. Solvent vapor annealing was a suitable approach for thin-film self-assembly because of its ease, speed, and lack of substrate dependence. These nanoscale patterns were reliably and reproducibly obtained on glass slides, gold-coated glass slides, and silicon wafers. Grazing-incident small-angle X-ray scattering (GISAXS) patterns of self-assembled thin films of PS-b-PEO-biotin confirmed the nanoscale cylindrical morphology and orientation relative to the substrate that was observed by AFM ( Figure 2GÀI ). The as cast morphology displays a single peak at q y = 0.471 nm À1 (d = 13.3 nm) and shifts to lower q y upon solvent vapor annealing (Supporting Information Figure S1 ). as expected for an effective in-plane line surface pattern arising from laying-down cylinders. The presence of higher order peaks is indicative of high ordering in the thin films. P(S-co-BrS)-b-PEO-biotin contains BrS copolymerized with styrene at 5 wt % to minimize its effect on the self-assembly behavior while maintaining robust cross-linking. The photoactivated cross-linking of S-coBrS avoids the need for photoresists, thus rendering this system more suitable for high-throughput biocompatible applications. To fabricate hierarchical patterns, the self-assembled BCP thin films were aligned with a commercially available lithographic quartz mask containing chromium micropatterns and subsequently cross-linked with 254 nm in a nitrogen atmosphere ( Figure 3A and Supporting Information Figure S2 ). Similar to a negative photoresist, the chromium micropatterns effectively block exposure to irradiation, leaving such regions uncross-linked and soluble in dichloromethane to be rinsed away. A bright field image displays micropatterns of P(S-co-BrS)-b-PEObiotin on 280 nm silicon dioxide ( Figure 3F ), whereas the nanopatterns were observed by AFM (Supporting Information Figure S3B ). Notably, the fidelity of the nanopatterns was slightly lost after the dichloromethane washes and required a second round of solvent annealing, but for a reduced amount of time, to Figure S3 ). When a similar process was applied to PS-b-PEO and PS-b-PEO-biotin, BCPs that do not contain BrS, the entire film was soluble when rinsed with dichloromethane. This demonstrates the importance of BrS as a cross-linkable unit to generate the hierarchical patterns.
Control of domain orientation in specific regions of a substrate poses as a potentially valuable technique to simultaneously investigate multiple nanoscale patterns of biomolecules within micron-sized shapes. Previously reported techniques for dual presentation of nanoscale morphologies on a single substrate typically require substrate modification or specialized equipment.
53À56 For P(S-co-BrS)-b-PEO-biotin, dual presentation of morphologies is accessible by omitting the dichloromethane washes and permuting the solvent vapor annealing and cross-linking processes (Supporting Information Figure S4 ). Combinations of dots, lines, and featureless coatings are accessible ( Figure 3AÀE and Supporting Information Figure S4 ). For instance, a single substrate can be designed to display both line and dot morphologies ( Figure 3E ). Thin films of P(S-co-BrS)-b-PEO-biotin were spin-coated and solvent vapor annealed to yield lines. Micron-sized patterns were exposed to UV irradiation, effectively locking in the nanoscale morphology of the crosslinked regions. Then, the substrates were exposed to benzene vapor to switch the uncross-linked regions from lines to dots. The boundary region of these mixed morphology nanopatterns was observed by AFM, and clearly shows the transition between cylinders normal and parallel relative to the surface (Supporting Information Figure S4D ). By introducing biotin through end-functionalization of the PEO block, self-assembled thin films of PS-b-PEObiotin contain biotin localized in the PEO domains and serve as a modular template to pattern biomolecules of interest with single protein precision (Figure 1 ).
Postfunctionalization with neutravidinÀbiotin motifs is an attractive approach because biomolecules are incorporated under mild conditions, biotinylated compounds are commercially available or easily prepared, and self-assembly conditions do not need to be optimized for each biomolecule, unlike the self-assembly of covalently modified polymers ( Figure 1C-E) . 46, 57 With this modular approach, we can achieve a library of biofunctional arrays quickly using a single polymer platform. Biotinylated PS-b-PEO has been previously synthesized; however, annealing conditions yielded pseudo-hexagonally packed PEO cylinders, as opposed to the highly ordered films we describe here, and those studies were limited to the immobilization of streptavidin. 58 By incubating hierarchical patterns of P(S-co-BrS)-b-PEO-biotin with streptavidin conjugated with Alexa Fluor 647, we visualized the fluorescent micropatterns by confocal microscopy and total internal reflection fluorescence (TIRF) microscopy ( Figure 3G and Supporting Information Figure S5 ). The nanopatterns cannot be exclusively resolved with TIRF and our initial attempts to image with stochastic optical reconstruction microscopy for subdiffraction-limited resolution were unsuccessful. Via TIRF, fluorescence was not observed for PS-b-PEO which lacks the biotin handle essential to immobilize the fluorescent dye (Supporting Information Figure S5A ). Alternatively, PS-b-PEO-biotin displayed high fluorescence (Supporting Information Figure S5B ). For the hierarchical patterns fabricated on glass, the background fluorescence of the glass substrate was similar to the fluorescence observed for thin films of PS-b-PEO and the region of P(S-co-BrS)-b-PEO-biotin fluoresced similarly to PS-b-PEO-biotin. Fluorescence from streptavidin conjugated with Alexa Fluor 647 was exclusively observed within the biotinylated regions.
The ability to simultaneously pattern two proteins without synthetic changes to the BCP nor biomolecule of interest can be challenging. 43 Fabrication of Here, we demonstrate that the combination of nonspecific and site-specific interactions can be utilized to pattern two different proteins ( Figure 4A) . A frequency histogram of relative heights in a 1 μm 2 region of a flattened topographical AFM image of a self-assembled PS-b-PEO-biotin thin film displays a superficial difference of 12.6 nm between PS and PEO after swelling in phosphate-buffered saline (PBS) for 18 h ( Figure 4B ). The lower peak corresponds to PEO and the higher peak corresponds to PS. Incubation of the PS-b-PEObiotin thin film in a solution of bovine serum albumin (BSA) resulted in selective physisorption of BSA on the PS domains ( Figure 4A,C) . BSA did not adhere on the PEO domains given that PEO prevents nonspecific adhesion. With PS selectively covered with BSA, we observed an increase in the difference of relative heights of 16.5 nm, where 3.9 nm approximately correlates to the height of a BSA protein ( Figure 4C ). Further incubation with neutravidin followed by biotinÀ IgG resulted in high bioaffinity interactions with the biotin on the PEO domains ( Figure 4A ). Compared to thin films of PS-b-PEO-biotin where PS regions were passivated by BSA (Figure 4C ), we expected a decrease of relative heights since neutravidin and biotin-IgG are localized in the PEO domains. We observed an 11.7 nm relative height difference with 4.8 nm decrease. A magnified view of a single PEO domain shows a single oblong shape, which may be attributed to a single IgG with its long axis oriented parallel to the substrate ( Figure 4E) . The corresponding line scan shows a height of 5.5 nm and width of 7 nm, consistent with previously reported AFM images of IgG. 43 In this case, IgG binding on the PEO domains was driven by the biotin-neutravidin active site on the BCP coating. These experiments highlight the ability to localize two important biomolecules within the same substrate by using nonspecific and site-specific interactions. 14, 24, 37 Given the broad implications of these coatings for various applications, we sought to investigate the biocompatibility of the hierarchical coatings for cultivation with human mesenchymal stem cells (hMSCs). Hierarchical patterns with nanoscale dot patterns were prepared and subsequently biofunctionalized with neutravidin then biotin-RGD. 60 Rather than silicon or glass, gold-coated glass substrates were utilized to allow facile background passivation with oligoethylene glycol, which prevents cell adhesion that is typically observed on glass (Supporting Information Figures S6  and S7 ). hMSCs showed confinement within the hierarchical patterns ( Figure 5A ,B, and Supporting Information). Focal adhesions were visualized using vinculin staining, and we found them to be prominently distributed ARTICLE throughout the cell as well as at the edges. Previous studies of micrometer-sized shapes showed focal adhesions mostly localized at the periphery. We observed that a cell occasionally spreads into the passivated regions but lacks the formation of strong focal adhesions ( Figure 5C ). When cells are seeded onto passivated oligoethylene glycol surfaces, spreading is prevented and the cell assumes a round morphology (Supporting Information Figure S8 ). These observations have triggered ongoing studies to investigate in detail cellÀsubstrate interactions using various hierarchical patterns. These hierarchical patterns enable, for the first time, the presentation of biomolecules with hierarchical order, originating from a single BCP, using simple and robust benchtop processing.
CONCLUSION
Through bottom-up self-assembly and top-down photolithography, we demonstrate generation of hierarchical patterns of biomolecules with sub-50 nm resolution using P(S-co-BrS)-b-PEO-biotin. The three key morphologies are composed of as-cast (featureless), cylinders normal to the surface (dots), and cylinders parallel to the surface (lines) to the substrate, and can be produced on silicon, glass, or gold. In these thin films, BrS serves as a robust, in situ cross-linkable unit without compromising the self-assembly behavior of the BCP. By altering the solvent vapor annealing, crosslinking, and rinsing processing steps, various hierarchical combinations of the three nanoscale morphologies can be achieved. Further functionalization of the biotinylated PEO domains yields hierarchical presentation of biomolecules. These patterns can enable in-depth studies of cell adhesion, motility, and differentiation, among other mechanisms, using hierarchical patterns of biomolecules. Here, we demonstrated a viable strategy for the development of sophisticated 2D patterns from a modular BCP. In future studies, we envision that this technology will allow us to pattern various biologically active molecules at well-defined positions, presented in various hierarchical mixed morphologies, to dissect their activity, influence of hierarchical shapes and interactions with living cells.
METHODS
Block Copolymer Self-Assembly. Thin films were prepared by spin coating filtered (0.45 μm) 1 wt % (10 mg/mL) solutions of polymer at varying speeds on glass or silicon substrates. Solutions were stirred for ∼12 h. Silicon, Au/Ti/glass and glass substrates were cleaned by sonication in DI water (30 min), acetone (2 Â 15 min), 2-propanol (2 Â 15 min) and dried with a nitrogen stream. For self-assembly, all films were annealed for 1À12 h and subsequently quenched with in a high humidity atmosphere for 2 min (RH 90À95%). Chips were placed on a glass tray under an inverted crystallization dish (o.d. Â H 150 mm Â 75 mm) with 2 Â 10 mL beakers of solvent. For cylinders normal to the substrate, thin films were spin coated from dry toluene or benzene at 3000 rpm and annealed with a toluene/water vapor (2 Â 10 mL toluene and 1 Â 1 mL water) for 2À12 h. Long-range order improved with longer annealing times, but extended annealing times may lead to dewetting. For cylinders parallel to the substrates, thin films were spin coated from dry benzene at 3000 rpm and annealed with benzene vapor (2 Â 10 mL benzene) for 1À6 h. Self-assembly was confirmed via atomic force microscopy in at least three distinct locations per substrate to confirm uniformity.
Micropatterning and Passivation. In a nitrogen atmosphere, selfassembled thin films were subjected to 254 nm irradiation for 25 min. UVP Black-Ray UV Bench Lamp XX-15S 254 nm was used for cross-linking. Extended irradiation times may lead to thin film etching. A quartz mask with chromium micropatterns was used. Chips were put in contact with the chromium mask via a homemade setup (Supporting Information Figure S2B ) that is similar to a traditional mask aligner. To remove uncross-linked material to achieve micropatterns, samples were submerged in dichloromethane (0.45 μm filtered) and the solvent was exchanged for 20 min. Then, samples were dried with a nitrogen stream and subjected to a second round of solvent annealing. For passivation of the 10 nm thick gold on glass, substrates were immersed in a 2 mM solution of triethylene glycol mono-11-mercaptoundecyl ether (EG3) in 200 proof ethanol for 24 h. Attention was given to avoid evaporation of the solution by sealing the container with parafilm. Subsequently, substrates were rinsed with 200 proof ethanol (5 Â 5 mL, 1 min.), soaked for 2 h, then dried with a nitrogen stream.
Biofunctionalization. Thin films were swelled in 1Â phosphatebuffered saline (PBS) without calcium/magnesium (pH = 7.4) for 18 h prior to biofunctionalization. All biofunctionalizations were carried out in 12 well plates at room temperature. For neutravidin conjugation, substrates were transferred to a well containing 2 mL of 10 μg/mL neutravidin in PBS for 30 min, then washed with PBS (4 mL, 5 Â 5 min). For biotinÀCRGDS conjugation, substrates previously functionalized with neutravidin were transferred to a well containing 2 mL of 10 μg/mL biotinÀCRGDS in PBS for 30 min, then washed with PBS (4 mL, 5 Â 5 min.). For biotinÀDNAÀCy3 conjugation, substrates previously functionalized with neutravidin were transferred to a well containing 2 mL of 1 pM biotinÀDNAÀCy3 and shaken for 10 min in the dark, then washed with PBS (6 mL, 3 Â 15 min). For streptavidinÀ Alexa Fluor 647 conjugation, substrates were transferred to a well containing 2 mL of 10 μg/mL streptavidinÀAlexa Fluor 647 for 10 min in the dark, then washed with PBS (6 mL, 3 Â 15 min). For the dual protein studies, samples were first incubated in 100 μg/mL of BSA for 30 min then washed with PBS (4 mL, 2 Â 1 min) for full coverage of the PS matrix with BSA. Then, substrates were functionalized with neutravidin 
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(described above) and followed with incubation with 2 mL of 10 μg/mL biotinÀIgG for 30 min and a PBS wash (4 mL, 2 Â 1 min.).
Characterization. All Nuclear Magnetic Resonance (NMR) spectra were recorded on a Bruker instrument at 400 MHz at room temperature. Chemical shifts for 1 H NMR spectra are reported in parts per million downfield from Me 4 Si and were referenced to residual protonated solvent (CDCl 3 : δ 7.26). The M n and dispersity of the polymers were obtained with size exclusion chromatography (SEC) with THF as the elutant and calibrated to linear PS standards. ScanAsyst and PeakForce tapping mode scanning force microscopy images were carried out using ScanAsyst-Air cantilevers (nominal spring constant = 0.4 N m À1 and resonance frequency = 70 kHz). An in-house TIRF system was used. Fluorescence images were collected on a Zeiss LSM 700 confocal microscope and were acquired using Zen 2010 software (Carl Zeiss, Inc.). GISAXS data was collected on the 8-IDE beamline at the Advanced Photon Source.
Cell Culture and Labeling. Annealed and passivated hierarchical patterns of P(S-co-BrS)-b-PEO-biotin were swelled overnight in 1Â phosphate-buffered saline (PBS). All following steps were performed in a cell culture hood. For sterilization purposes, substrates were placed in a 6-well plate and incubated in antifungal-antibacterial solution for 30 min, then rinsed with 5 mL of 1Â PBS (3 Â 5 min). Human mesenchymal stem cells were maintained in tissue flasks in Dulbecco's modified eagle media (DMEM) with 10% fetal bovine serum (FBS), 1% penicillinÀ streptomycin (P/S) at 37°C, and 5% CO 2 . At 70% confluency, cells were trypsinized, resuspended with media, and seeded on the substrates at 1 Â 10 6 cells/well. After 1 h, substrates were rinsed with media (3 Â 5 mL) and maintained at 37°C and 5% CO 2 for 18 h. At this point, all steps were performed outside of a cell culture hood. Cells were fixed with 4% paraformaldehyde for 15 min and rinsed with 1Â PBS (3 Â 5 mL). Then, cells were permeabilized with 2 mL Triton-X-100 in Tris-buffered saline for 5 min and rinsed with PBS (3 Â 5 mL). Cells were incubated in antivinculin primary antibody solution at a 1:100 dilution (1Â PBS, 0.1% BSA, 10% goat serum) for 24 h and rinsed with 1Â PBS and 1 M NaCl (3 Â 5 mL). Then, cells were incubated with the fluorescently labeled secondary antibody at 1:200 dilution (1Â PBS, 0.1% BSA, 10% goat serum) for 1 h. Actin was stained with ActinRed 555 ReadyProbes for 30 min and rinsed with 1Â PBS and 1 M NaCl. Lastly, nuclei was stained with NucBlue Fixed Cell ReadyProbes Reagent for 10 min and rinsed with 1Â PBS and 1 M NaCl.
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